Cable-actuated parallel Manipulators (CPMs) are widely employed for object handling applications. In order to displace the carried object along the ground to an unlimited distance, the CPMs can be mounted on wheeled mobile robots (WMRs). The derivation of the dynamic equations of motion for this integrated system is presented using Lagrange method. Since in load carrying task, the inertia of the moving load is the main source of uncertainty, an adaptive control approach is considered for the CPM, whereas the WMR uses a feedback linearized sliding mode approach. In order to maintain the end-effector of the CPM in within its relative workspace in the WMR frame, the convergence rate in the two controllers should be similar. Decentralization of the control law can be accomplished if the inertia of the CPM motors are negligible compared with the other inertias of the system. This assumption is shown to be applicable if an introduced index is small enough to have noticeable effect on the tracking error.
Introduction
The larger workspace and higher ratio of carrying load to the manipulator's moving weight are the main characteristics of the cable-actuated parallel manipulators. However, carrying a heavy load with lengthy cables may lead to a considerable increase in the system flexibility, 1 2 which may lead to the closed-loop system instability [1] . Moreover, in some operation fields the required horizontal workspace in comparison to the height changes of the end-effector is significant. Therefore, the cable robot can encounter high cable tensions. The lengthy cable issues as well as the need for large operation workspace can be addressed by mounting the CPM on a wheeled mobile platform. In this regard, the dynamic equations of a CPM hung from a helicopter were obtained by Oh et al. [2] . In this study, the helicopter is navigated using a slow rate controller for the translational motion and a fast rate controller for the attitude control. The CPM is controlled using a typical Sliding Mode method. In [3] , Feedback Linearization control of a 6-dof under-constrained cable-suspended manipulator with wheeled mobile platform is presented. For the same robotic system, cable sagging is incorporated in the calculation while the end-effector and the wheeled platform are controlled independently [4] . In order to have wide operation area and good mobility, an integrated design of mobile parallel robot with three wheeled limbs is introduced [5] . Each limb consists of the prismatic and universal joints as well as omni-directional wheels at the end of the limb.
The 500 m aperture spherical radio telescope (FAST) in China shows an application of carrying a parallel robot with a robotic system [6] . The FAST mechanism is a cable-actuated parallel robot carrying a Stewart manipulator which compensates the wind-induced disturbances imposed on the receiver.
The uncertainties and nonlinear dynamics of the parallel manipulators are of the main challenges in the controller design. Robust and adaptive controllers are the two major approaches in addressing uncertain nonlinear systems. In this regard, for the control of a singularity-free planar parallel robot, sliding mode control (SMC) is employed to address the modeled uncertainties whereas an observer is used to determine the external disturbances [7] .
For robot manipulator control, Asl et al. proposed a non-singular terminal SMC [8] . In order to reduce the control signal chattering, the discontinuous term of the control signal was obtained using a neural network method. In this study, the feedback was obtained from unscented kalman filter (UKF) and a modified evolutionary algorithm to estimate the covariance of the process and measurement noise. In [9] , Yang et al. employed Impedance control law for a 3-DOF cable robot aiding the human arm rehabilitation. They adjusted the controller gains by a Fuzzy tuner considering the cable length and the change of cable length.
Generally, due to estimation of the system unknown parameters, adaptive controllers require more computations compared with robust controllers. On the other hand, robust controllers require upper bound of the system uncertainties. In order to enable the robust controller 3 operate over the whole domain of possible uncertainties, the uncertainty bound is selected large enough. This can result in high switching gain and control effort. To alleviate this problem, some controllers estimate the unknown parameters using adaptation laws and address the external disturbance effects using robust control. In [10] , a model reference adaptive sliding model scheme is introduced for three-dimensional overhead crane control without priori information of the system parameters. Indeed, this approach still needs the bound of uncertainties. Sun et al. proposed an adaptive fractional order terminal SMC for tracking control of linear motors [11] . In this study, the adaptive term ensures precise finite time convergence of the sliding mode variable while also addressing the bounded structured uncertainties. They also employed sliding mode disturbance observer to reduce measurement noise and uncertainties including parametric uncertainty and disturbances.
Adaptive-robust controllers can use adaptation laws to estimate the upper bound of the uncertainties, so that overestimation of the switching gain is addressed [12] . For the sliding mode control of fully constrained cable-driven robot, an adaptation law based on the approach proposed in [13] is used to estimate the upper bound of uncertainties required in determining the control gain [14] . Robust adaptive control of the payload carried by an offshore shipmounted crane, subjected to unknown parameters and sea wave disturbances, is proposed by Qian et al. [15] . They employed adaptation laws to estimate the upper bound of the overall system uncertainties. Qi et al. presented the Sliding Mode control law of 4-DOF parallel robot with Fuzzy-based adaptive boundary layer and switching gains [16] . The controller was used in combination with another fuzzy adaptive controller for reduction of the chattering by compensating the unknown dynamics. For the control of a cable robot, El-Ghazaly et al.
proposed an adaptive terminal SMC method to improve the robustness despite the endeffector inertial uncertainties [17] . In [18] , trajectory tracking of cable robots in presence of model uncertainties and external disturbances is presented employing an adaptive super twisting controller which adapts the gains. Compared to the controller proposed in [17] , this controller produces lower tracking error and less chattering in the control input. Torabi et al.
employed the combination of an adaptive SMC scheme and the admittance method for the control of an exoskeleton rehabilitation robot, interacting with the human lower limb [19] .
The adaptive gain rate was defined being proportional to the sliding variable. Also, by linearly parameterizing the robot dynamic model in terms of unknown parameters and obtaining the corresponding regressor matrix, the structured unknown parameters were estimated.
Since in many applications CPMs are used as a crane, the mass and moment of inertias of the payload is usually unknown. Therefore, in this paper an adaptive control approach is considered for the CPM part of the robot. Similar closed-loop dynamics is needed for the CPM and the mobile platform to prevent the possibility of losing the tension in some cables.
Therefore, the controllers of the CPM and the mobile base are designed in such a way to perform like the Feedback Linearization dynamics. In section two of this paper the equations of motion of the proposed robotic system are described. Section three deals with the control law of the combined system. In section four and five, verification of the approach with simulation and experimental results are presented.
Equations of motion

System architecture
The integrated system studied in this study is a CPM with six degrees of freedom carried by a differential wheeled mobile robot through six cable actuators. The schematic view of the two parts of the system is shown in Fig. (1) . The wheeled mobile platform is driven by two fixed independent wheels. Since the CPM is of the under-constrained type, the motion of the system is considered without sudden change and high acceleration to maintain the cables in tension.
As a result, the slippage of the wheels on the ground is not considered in this study.
Kinematic Equations
The kinematic equations presented in this paper are derived in [3] in detail. However, for the sake of introducing the variables, this section presents the definition of the variables as well as kinematics of the system. 
xC θC 00 (1) where wh r , 2b and d represent the wheel radius, the axle track, and the distance from the platform mass center to its axle, respectively. 
Dynamic Equations of the Wheeled CPM
The dynamic equations of motion can be obtained using Lagrange formulation. The kinetic energy of the system can be expressed as
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According to Eq. (6), the main source of the dynamic coupling between the mobile base and the CPM is produced by the terms having Therefore, to control the mobile a robust Feedback Linearization (FL) approach with the same error dynamics as the end-effector controller is employed. When the mobile base is off a defined sliding surface, an auxiliary control signal pushes the mobile base toward the sliding surface. Once on the sliding surface, the error dynamics more resembles the FL method.
End-Effector Control
In this paper, it is assumed that, in comparison with the inertias of the two parts, the moment of inertia of the CPM motors has a negligible effect on the system dynamic. Therefore, the terms including the parameter m I in Eq. (6) (8) where  is a positive value. Also, the vector of parameter estimation error is defined as  a a a (9) where
denotes the exact inertia parameters, and â indicates the estimation of a . A Lyapunov candidate is considered as
where  is a positive definite value used for tuning the parameter estimation speed.
Differentiating Eq. (10), yields
The control law is considered as
where the symbol (.) indicates that the associated matrix is obtained based on the estimated parameters. Substituting Eq. (12) in Eq. (11) gives
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By updating the values of the uncertain parameters as follows
the derivative of Lyapunov function becomes
Equation (15) demonstrates a control approach similar to the feedback linearization method, except for a minor difference in the second term. However, although this control signal does not exactly cancel the nonlinear terms, it still guarantees exponential tracking convergence at the same rate as an exact cancellation.
Wheeled Mobile Platform Control
Considering the state vector 
where the control gains, 
where the Frobenius norms are given as 
In practice, the Sign function is replaced by tanh ( ) s  , where " " denotes a positive scalar for scaling the boundary layer.
Simulation
The parameters of the robot are presented in [3] . The desired path of the mobile base and the CPM are considered as follows,   
The tracking control effectiveness in addressing the uncertainty is investigated assuming different mass of the end-effector and the mobile base platform in the controller and the plant, as follows, 10 , 150
where the subscript "C" and "P" denote the controller and the plant parameters. Figure (2) shows the control voltage of the mobile platform wheel motors. Since the applied voltages are limited to ±12v, the torques and motor speeds are not further increased in the initial motion.
The required high initial voltages are caused by the existing large errors at the start of the tracking. As shown in Fig. (3) , this overshoot can also be observed in the wheel motor speed.
The motor speed at the end of the trajectory is zero, as expected from the desired trajectory formulation. Figure (4) demonstrates the trajectory tracking of the mobile base. Since the mobile base is initially positioned in the right side of the desired path, the initial right wheel speed is larger than the left wheel speed to force the mobile base approach the desired trajectory. However, after reaching the desired trajectory, due to being inside the circular path, the left wheel rotates with higher speed. Figure (5) shows that the mobile base position error decreases in 6.4 sec, from 707 mm to the settling band of 0.05 mm.
The control voltage of the CPM motors is shown in Figs. (6, 7) . The periodic fluctuations of the control input, caused by the vertical end-effector movement, can also be seen in the CPM motor speed in Figs. (8, 9) . Figure (10) shows that the end-effector mass used in the control input calculation is updated from the initial guess of 1.1kg to the actual mass of the endeffector, 11.1kg. The initial high estimation error is caused by saturation of the control input.
However, after this short period the estimation trend improves and converges toward the actual value. The trajectory tracking of the CPM part of the system in the Cartesian space is demonstrated in Fig. (11) . Figure (12) shows that the 2-norm of the translational errors enters to the settling band of 0.05mm in 11.1 sec, from the initial value of 735mm. Moreover, Figure   ( In the previous simulation this ratio was 5.6%. In order to further investigate the effect of inertia of the CPM motors on the tracking error, another simulation is performed. The moment of inertia is intentionally considered a large value, 0.003  m6 II , which is 100 times larger than the value in the previous simulation. Therefore, the ratio indicated in Eq. (34) is 560%. (14) and (15) Overall, it can be inferred that although the index indicated in Eq. (34) has increased greatly, from 5.6% to 560%, the tracking errors have not changed significantly.
Figures
Experimental Results
The trajectory tracking performance of the controller is evaluated by implementation on the robotic system, shown in Fig. (18) . The CPM part of the robot stands on two independent fixed wheels and one idle caster wheel. The wheels are driven by permanent magnet DC (PMDC) motors. The cables of the CPM part of the robot are also driven by PMDC motors.
The position feedback of the CPM and mobile base are calculated using the data obtained from the motor encoders. The rotations of the wheels and CPM motors are measured by 600 pulse and 3600 pulse encoders, respectively. Figure (19) shows an interface board, designed for communication between the controller implemented in Matlab and motor drivers and encoders. The communication protocol between the computer and the board is serial. For communicating with the eight sensors and motors of the robot, the board includes eight slave microcontrollers of the type PIC 18F46K80. A similar type of master micro in the board sends a three-bit signal to a multiplexer 4051 which in turn produces an eight-bit signal to activate and deactivate the slave micros. Encoder data are sent to the CCP port of the slave micros.
The rotation direction of the motors is determined by SN74HC74N flip-flops. The micros were programmed using C language and MikroC compiler. The PWM signals commanding the motors are obtained by the control input, calculated using Matlab codes.
The test is performed considering an accurate path for the mobile platform and a periodic spiral movement of the end-effector in the mobile base frame as
where the rotation matrix of the mobile base with respect to the inertial frame is represented The end-effector pose in the global frame is obtained using the mobile base position and the kinematic equations [3] . The position of the mobile base is calculated considering the wheels rotation. In the experiment it is assumed that the mobile base undergoes gentle movement maneuver and consequently the wheel slip on the ground surface is negligible. Figure (26) demonstrates the wheel path obtained during the test, drawn by black markers next to each wheels, compared with the desired wheel track in blue lines.
As shown in Fig. (26) , each wheel deviated from the desired path nearly 7 mm in the opposite direction. This issue is caused by flexibility of the legs holding the wheels. In fact, the mentioned deviation is result of the legs flexibility, wheels slip and the performance of the mobile base controller. It is worth noting that, since the mobile platform coordinate, employed in the feedback, is nearly between the two wheels, the mobile platform position deviation is less than or at most equal to the wheels deviation.
By strengthening the legs rigidity and also providing the direct measurement of the mobile platform position to include the wheel slip in the feedback, the system error would be only due to the controller effectiveness. However, the wheels actual position error in this test was only 7 mm for 3800 mm tracking of the mobile base coordinates,
i.e. 0.2%, which would be less value for the mobile platform center. 
Conclusions
This study presents the idea of moving an object using a cable-actuated robot. The robot consists of a CPM, mounted on a wheeled mobile platform with differential wheels.
Kinematic equations of the mobile base and the CPM part of the robot are expressed. The dynamic equations of motion derived using Euler-Lagrange formulation are presented.
The dynamic effect of the moment of inertia of the CPM motors compared with the CPM and the mobile base masses is considered ignorable. Therefore, two different controllers are designed for the CPM part and wheeled platform of the robot. The controllers are designed in a way to have a similar error dynamic. For the application of object handling, the inertia specification of the payload is usually unknown. Therefore, an adaptive approach is considered for the end-effector control.
Two case studies are considered to demonstrate the effectiveness of the control approach.
They are simulated with the unknown end-effector mass and the control input restrictions. In the first simulation, it is shown that the end-effector orientation, platform position and the end-effector position are well matched with the desired trajectory after 5sec, 6.4sec and 11.1sec, respectively. In the second simulation, the tracking accuracy affected by ignoring the moment of inertia of the CPM motors in the control law calculations is studied. 15-year experience in special machinery design for automotive industry as well as teaching experience in different universities in Babol, Iran for five years. 
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